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Using hourly station rain gauge data in the warm season (May–October) during 1961–2006, the climatological features of the 
evolution of the rainfall process are analyzed by compositing rainfall events centered on the maximum hourly rainfall amount of 
each event. The results reveal that the rainfall process is asymmetric, which means rainfall events usually reach the maximum in a 
short period and then experience a relatively longer retreat to the end of the event. The effects of rainfall intensity, duration and 
peak time, as well as topography, are also considered. It is found that the asymmetry is more obvious in rainfall events with strong 
intensity and over areas with complex terrain, such as the eastern margin of the Tibetan Plateau, the Hengduan Mountains, and the 
Yungui Plateau. The asymmetry in short-duration rainfall is more obvious than that in long-duration rainfall, but the regional dif-
ferences are weaker. The rainfall events that reach the maximum during 14:00–02:00 LST exhibit the strongest asymmetry and 
those during 08:00–14:00 LST show the weakest asymmetry. The rainfall intensity at the peak time stands out, which means that 
the rainfall intensity increases and decreases quickly both before and after the peak. These results can improve understanding of 
the rainfall process and provide metrics for the evaluation of climate models. Moreover, the strong asymmetry of the rainfall pro-
cess should be highly noted when taking measures to defending against geological hazards, such as collapses, landslides and de-
bris flows throughout southwestern China. 
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China is greatly affected by heavy rainfall. Floods and geo-
logical disasters caused by excessively heavy rains or long- 
duration heavy rainfall events can exert vast impacts on the 
socioeconomic development [1,2]. Therefore, the evolution 
of the rainfall process has always been a hot topic. Re-
stricted by the available data, previous studies about rainfall 
processes at the hourly time scale have mainly been case 
studies [3–6], and the climatological investigations on that 
usually focused on the daily, monthly or even longer time 
scales [7–11]. However, because rainfall systems are highly 
inhomogeneous at both the temporal and spatial scale, only 
datasets with high temporal resolution can reflect the rain-
fall intensity and the evolution of the rainfall process more 
precisely [12]. 
Recently, with the appearance of long-time hourly rain-
fall data, an increasing number of studies have focused on 
hourly rainfall characteristics. Based on daily data, the so- 
called southern flooding and northern drought (SFND) pre-
cipitation change over eastern China was found to be con-
tributed by both rainfall frequency and intensity [13,14]. 
However, Yu et al. [15] pointed out that although the 
rainfall amount and frequency have significantly increased 
(decreased) in the mid-lower reaches of the Yangtze River 
valley (North China) during the last several decades, the 
hourly rainfall intensity has decreased (increased). Their 
results also showed that the SFND pattern could mostly be 
attributed to changes in precipitation of moderate and low 
intensity. They also showed that neither the frequency nor 
the amount of strong intensity rainfall has exhibited the 
SFND pattern, which also differed from the previous results 
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based on daily data [13,14]. The interdecadal changes in 
rainfall characteristics derived from hourly rainfall data 
provide new insights for understanding the mechanisms of 
the SFND. Moreover, studies on the diurnal cycles of rainfall 
have also improved the understanding of the rainfall’s 
formation and evolution. It has been found that summer 
rainfall over contiguous China has pronounced diurnal 
variations with considerable regional features [16–19]. Over 
southern and northeastern China, summer rainfall at most 
stations peaks in late afternoon; over southwestern China, 
hourly rainfall peaks around midnight. The regionally 
averaged diurnal variation of summer precipitation in 
central eastern China is characterized by two comparable 
peaks in early morning and late afternoon. Further studies 
[20–24] have revealed that long-duration rainfall events 
usually reach a maximum around early morning and that 
short-duration events reach a maximum around late afternoon. 
The late afternoon peak of short-duration rainfall events 
may be explained by the diurnal variation of low-level 
atmospheric stability caused by solar heating, and the early- 
morning peak may be related to large-scale circulations, the 
longwave radiative cooling effect at the top of clouds and 
the life cycle of meso-scale convective systems. 
Previous studies have rarely focused on the climatologi-
cal features of the evolution of the rainfall process at the 
hourly time scale, so we know little about the evolution of 
rainfall events from beginning to end in a climatological 
view. In this study, by compositing rainfall events centered 
on the maximum hourly rainfall amount and by considering 
the rainfall intensity, duration and peak time, as well as the 
topography, we analyzed the climatological features of the 
rainfall process’s evolution. These results can further our 
understanding of the rainfall process and provide a new 
method for studying rainfall evolution. 
1  Data and method 
A dataset of hourly rain gauge records from 535 stations 
covering mainland China for the period 1961 to 2006 was 
used in this study. Detailed information can be found in Yu 
et al. [15], Yuan et al. [22] and Li et al. [23]. The records 
from 392 stations between 95°–122°E and 20°–40°N (Fig-
ure 1) were analyzed in this study. Considering the density 
of stations, we mainly focused on the regions east of 102°E. 
According to the different features of the rainfall processes’ 
evolution, we defined two representative regions: the western 
(102°–108°E, 22°–37°N) and eastern (112°–122°E, 22°– 
37°N) regions.  
A rainfall hour is defined as an hour with 0.1 mm or 
more of accumulated precipitation. And a rainfall event is 
defined as continuous rainfall without any intermittence or, 
at most, a 5-h pause. The number of hours between the start 
and the end of an event is defined as the duration time of the 
rainfall event. Because the rainfall lasting less than or equal  
 
Figure 1  Locations of 392 rain gauge stations and the e-folding decay 
rainfall intensity (shaded, units: mm h1). Two subregions, the western 
region (102°–108°E, 22°–37°N) and eastern region (112°–122°E, 22°–37°N) 
are outlined for regional average. 
to 6 h mainly peaks in late afternoon and that lasting more 
than 6 h primarily reaches the hourly maximum in early 
morning [22,23], a long-duration rainfall event is defined as 
lasting more than 6 h and a short-duration rainfall event as 
lasting 1 to 6 h. 
The raining time before the peak is referred to as the 
hours between the beginning and peaking time of a rainfall 
event, whereas the raining time after the peak is defined as 
the hours between the peaking and ending time of a rainfall 
event. All the rainfall events in the warm season (May–Oc-     
tober) during 1961–2006 are composed centered on the peak 
time (time zero). 
Yu and Li [25] showed that the distributions of rainfall 
with hourly intensity approximately follow an exponential 
decay pattern. Thus, the accumulated rainfall amout of 
intensity I (R(I)) can be fitted by R(I)=A·eB·I. The par-    
ameters A and B are determined by the least squares fitting 
of ln[ ( )] ln .R I A B I    According to Yu and Li [25], the 
e-folding decay intensity (1/B) is comparable to the 95th 
percentile rainfall intensity in the widely used percentile 
method. Thus, the e-folding decay intensity is defined as the 
threshold that divides the hourly weak and intense rainfall. 
2  The asymmetry of the rainfall process 
Figure 2(a) shows the ratio of the rainfall frequency (RF) 
before and after the peak to that at the peak time averaged 
between 102°–122°E and 20°–40°N. As implied in this figure, 
both the intense (dotted solid lines) and weak (dashed lines 
with circles) rainfall events are asymmetric before and after 
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the peak time (time zero). The RF before the peak is much 
smaller than that after the peak, which means the rainfall 
events usually reach the maximum quickly and experience a 
relatively gradual retreat to the end of the event. Compared 
with the weak rainfall events, the intense events show more 
significant asymmetry. For weak rainfall, the RF before the 
peak to that after the peak is approximately 0.706, while 
that in the intense rainfall is approximately 0.632. The dif-
ferences of RF between the 12 h before and after the peaks 
is significant at the 10% confidence level according to Stu-
dent’s t-test, and it is mainly contributed by the 8 h closest 
to the peak, but the counterpart in weak rainfall is not sig-
nificant at that level.  
The rainfall intensity, different from the frequency, is 
quite prominent at the peak time and increases/decreases 
rapidly before/after the peak (Figure 2(b)). As shown in 
Figure 2(c), at 1 h before the peak, the intense rainfalls  
 
Figure 2  The ratio (units: %) of composed rainfall (a) frequency and (b) 
intensity before and after the rainfall peak to that at the peak time (time 
zero) averaged in 102°–122°E, 20°–40°N in the warm season (May–October) 
during 1961–2006. The dotted solid lines (dashed lines with circles) are for 
the intense rainfall (weak rainfall). The differences of frequency before and 
after the peak time of intense rainfall in (a) is significant at the 10% confi-
dence level according to Student’s t-test and the time when rainfall ac-
counts for more than 10% of the differences are marked by black dotes at 
the bottom of (a). (c) Same as in (a), but for the percentages of rainfall with 
intensity greater than 30% of that at the peak time to the total frequency at 
each time (except time zero); the percentage at time zero represents the 
rainfall with intensity greater than 30% of that at the peak time to total 
rainfall at both 1 h before and after the peak time.  
(dotted solid lines), which can reach 30% of the intensity at 
the peak, are less than a third of the total. At 1 h after the 
peak, the ratio is slightly larger, but still only accounts for 
approximately 35.8%. Moreover, the rainfall events, with 
the intensity at 1 h before and after the peak being greater 
than 30% of the intensity at the peak simultaneously, occupy 
less than one tenth of the total rainfall. Although the in-
creasing/decreasing speed before/after the peak in weak 
rainfall (dashed lines with circles) is slower than that in the 
intense rainfall, they share the similar trends. 
As illustrated in Figure 2, the asymmetry before and after 
the peak in rainfall frequency is greater than that in the in-
tensity. In the following analyses, we mainly focus on the 
rainfall frequency. To analyze the regional features of the 
asymmetry of rainfall processes, Figure 3(a) and (b) pre-
sents the distributions of the RF before and after the peak. 
Consistent with Figure 2, the asymmetry in the intense 
rainfall is greater than that in the weak rainfall. Moreover, 
we can find in Figure 3 that the asymmetry of rainfall pro-
cesses is higher over southwestern China than that over 
southeastern China. The demarcation line between these 
two regions lies approximately 110°E and the regional dis-
crepancy is more obvious in the intense rainfall. There are 
regions with great asymmetry over the Hengduan Moun-
tains and the Yungui Plateau, where the RF before and after 
the peak is less than 0.4. Meanwhile, the asymmetry of 
rainfall processes is weak along the coastlines, which means 
that the rainfall frequency of intense rainfall before the peak 
is similar to that after the peak. 
Because the regional differences are more obvious in the 
intense rainfall, we further compared the RF of intense 
rainfall at each hour before and after the peak to the peak 
time averaged in the western (102°–108°E, 22°–37°N) and 
eastern (112°–122°E, 22°–37°N) region. As shown in Fig-
ure 3(c), the RF before the peak is smaller in the western 
region (dotted solid lines) than that in the eastern region 
(dashed lines with circles), whereas the RF after the peak is 
larger in the western region. The differences of RF before 
and after the peak in the western region are significant at the 
5% confidence level, whereas those in the eastern region are 
not. Moreover, the regional discrepancy can be mainly at-
tributed to the rainfall before the peak.  
3  The impact of duration and peak time to the 
asymmetry of the rainfall process 
Based on previous studies, the short- and long-duration rain-
fall used to have different circulation patterns, and the diur-
nal features and spatial distributions are different [20–22]. 
This feature motivated us to analyze the asymmetry of rain-
fall processes with different duration times.  
Figure 4 depicts the RF before and after the peak of the 
two kinds of rainfall. As shown, the asymmetry in the 
short-duration rainfall (Figure 4(a) and (b)) is stronger than  
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Figure 3  The spatial distribution of the ratio of frequency of weak (a) and intense (b) rainfall before the peak to that after the peak. (c) Same as in Figure 
2(a) (units: %), but for the regional averaged intense rainfall over the western (dotted solid line) and eastern (dashed line with circles) regions. The differ-
ences of intense rainfall frequency before and after the peak time over the western and eastern region are significant at the 10% confidence level according to 
Student’s t-test, and the times when rainfall accounts for more than 10% of the differences are marked by black dots (western region) and circles (eastern region) 
at the bottom of (c).  
that in the total rainfall (Figure 3). The regional averaged 
RF is approximately 0.55 for the weak short-duration rain-
fall, but it can reach 0.46 in the intense rainfall. However, 
the regional differences are relatively small. The RFs of the 
western and the eastern region in weak short-duration rain-
fall are 0.53 and 0.54. The differences of the RF in intense 
rainfall are slightly larger but still are approximately 0.04, 
as can also be seen in Figure 4(e). Even for the intense 
short-duration rainfall, the variations in RF in the western 
region (solid line) at each hour are nearly the same as those 
in the eastern region (dashed line). However, the regional 
differences of RF in short-duration rainfall mainly exist in 
the period after the peak, which is distinct from that in the 
total intense rainfall (Figure 3(c)). 
The spatial distribution of RF of the long-duration rain-
fall (Figure 4(c) and (d)) resembles that of the total rainfall 
(Figure 3(a) and (b)). The correlation coefficient of the spa-
tial distribution between the weak (intense) long-duration 
and weak (intense) total rainfall can reach 0.99 (0.95). As a 
result, the regional differences in the asymmetry of rainfall 
processes are mainly contributed by the long-duration rain-
fall. Moreover, the near symmetric rainfall processes along 
the coastlines are also contributed to by the long-duration 
rainfall. According to the evolution of rainfall processes 
over the eastern and western regions (Figure 4(e)), the re-
gional differences are attributed to the rainfall before the 
peak, which means that it takes less time for the rainfall to 
reach the maximum over the western region than it does 
over the eastern region.  
Because rainfall processes may vary at diurnal time 
scales, we investigated the potential impact of the peak time 
to the asymmetry of the rainfall process by employing the 
intense long-duration rainfall which shows the highest re-
gional dependence. Figure 5 shows the composed the evolu-
tion of rainfall processes with different peak times averaged 
between 102°–122°E and 20°–40°N. We can find that the 
highest asymmetry appears in the rainfall events peaking 
during 20:00–02:00 LST (dashed line with circles) and the 
second one during 02:00–08:00 LST (dotted line with open 
rectangles). The RF before the peak only accounts for ap-
proximately 58% (62%) of the counterpart after the peak for 
the rainfalls peaking at 20:00–02:00 (02:00–08:00) LST, 
and the differences before and after the peak during these 
two period are both significant at the 1% confidence level. 
The weakest asymmetry occurs in rainfall peaking at 08:00– 
14:00 LST (dashed line with solid rectangles) and is not 
significant. 
By merging the first two periods with the highest rainfall 
asymmetry, Figure 6 illustrates the distributions of RF be-
fore the peak to that after the peak. It can be found that the  
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Figure 4  (a) and (b) ((c) and (d)) Same as in Figure 3(a) and (b), but for the short- (long-) duration rainfall. (e) Same as in Figure 2(a) (units: %), but for 
the regional averaged long-duration intense rainfall over the western (dotted solid line) and eastern (dashed line with circles) regions and the short-duration 
intense rainfall over the western (solid line) and eastern (dashed line) regions. The differences of intense and weak rainfall frequency before and after the 
peak are significant at the 10% confidence level according to Student’s t-test. The times when rainfall accounts for more than 10% (30%) of the differences 
in long- (short-) duration rainfall are marked at the top (bottom) of (e). The dots (circles) represent the long-duration intense rainfall over the western (eastern) 
region and the rectangles and crosses are for the short-duration rainfall over these two regions.  
regional discrepancy is even more obvious (Figure 6) when 
compared with that of the all-day intense long-duration 
rainfall (Figure 4). The strong asymmetry is primarily lo-
cated in the upper reaches of the Yangtze and Yellow Riv-
ers, especially the Yungui Plateau and the Hengduan 
Mountains. The enhanced asymmetry is partly due to the 
enlargement of discrepancy before the peak, but it can also 
be attributed to the widening gap after the peak (Figure 6(b)), 
which is verified by the rainfall intensity (figure omitted). 
Although the evolution of the intensity of intense long-dura-      
tion rainfall peaking during 20:00–08:00 LST presents a 
similar trend to that of total rainfall (Figure 2(c)), the inten-
sity will be maintained longer, as exemplified by the inten-
sity at 2 h after the peak. For the total rainfall, only 15% of 
the rainfall events can preserve 30% of the intensity at peak 
time, but the number is approximately 20% for the intense  
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Figure 5  Same as in Figure 2(a), but for the regional averaged long-duration intense rainfall with peaks between 02:00–08:00 LST (rectangles with dotted 
line), 08:00–14:00 LST (solid rectangles with dashed line), 14:00–20:00 LST (dotted solid lines) and 20:00–02:00 LST (circle with dashed line) over 
102°–122°E, 20°–40°N (units: %). The differences of rainfall frequency before and after the peak in rainfall events peaking at 14:00–20:00 and 20:00–02:00 
LST are significant at the 5% confidence level according to Student’s t-test. The times when rainfall accounts for more than 5% of the differences are 
marked at the bottom of the figure, and the dots (circles) represent rainfall peaking at 14:00–20:00 (20:00–02:00) LST.  
 
Figure 6  (a) Same are in Figure 3(a), but for the long-duration intense rainfall peaking at 14:00–02:00 LST. (b) Same as in Figure 2(a) (units: %), but for 
the regional averaged long-duration intense rainfall peaking at 14:00–02:00 LST over the western (dotted solid line) and eastern (dashed line with circles) 
regions. The differences of rainfall frequency before and after the peak over both the western and eastern regions are significant at the 5% confidence level 
according to Student’s t-test. The times when rainfall accounts for more than 10% of the differences are marked at the bottom of (b) and the dots (circles) 
represent the western (eastern) region.  
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long-duration rainfall peaking during 20:00–08:00 LST. 
4  Summary and discussions 
Using the hourly rain gauge data in warm seasons during 
1961–2006, we analyzed the asymmetry of the rainfall pro-
cess by composing them centered on the peak time. The 
major conclusions are summarized as follows. (1) Remark-
able asymmetry has been found in the evolution of the rain-
fall process. It takes relatively less time for a rainfall event 
to reach the peak than from the peak to the end. The in-
crease (decrease) of rainfall intensity is fast before (after) 
the peak. (2) The asymmetry of the rainfall process is re-
gionally dependent, being more obvious over the western 
region, especially over the eastern edge of the Tibetan Plat-
eau, the Hengduan Mountains and the Yungui Plateau, and 
quite weak along the southeastern coastlines. (3) The asym-
metry of the rainfall process is also influenced by the dura-
tion and the peak time of rainfall events. The asymmetry is 
stronger in the short-duration rainfall, but with less regional 
differences, and opposite in the long-duration rainfall. The 
rainfall peaking at 20:00–02:00 LST shows the highest 
asymmetry and the rainfall peaking in 08:00–14:00 LST 
shows the weakest. 
This work can enrich our knowledge about the evolution 
of the rainfall process and provide metrics for the evaluation 
of climate models; it also provides a new method for study-
ing the rainfall process. However, further investigation into 
the evolution of the rainfall process is required to gain 
physical understanding and to improve rainfall prediction. 
Nevertheless, the present study has shown that the asym-
metry is greatly influenced by the complex topography of 
southwestern China. In addition, the regions where the rain-
fall process shows strong asymmetry are also regions that 
bear a high risk of geological hazards, such as collapses, 
landslides and debris flows, according to Zhang et al. [26]. 
The quantitative relationship between rainfall and these 
hazards can only be obtained when more data about geo-
logical hazards are available. However, the rainfall process 
with strong asymmetry should be given considerable atten-
tion when defending against geological hazards over south-
western China. 
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